Salvador Rubio, FJ.; Gimeno, J.; Carreres Talens, M.; Crialesi Esposito, M. (2016). Fuel temperature influence on the performance of a last generation common-rail diesel ballistic injector. Part I: Experimental mass flow rate measurements and discussion. Energy Conversion and Management. 114:364-375. doi:10.1016/j.enconman.2016.02.042.
INTRODUCTION

78
The importance of the direct injection system in the diesel engine has attracted the interest of for several biodiesel and diesel blends, focusing on cold temperatures, whereas Park et al. [29] 102 performed a combined numerical and experimental study paying attention to the spray Salvador, F.J., Gimeno, J., Carreres, M., Crialesi-Esposito, M., "Fuel temperature influence on the performance of a last generation common-rail diesel ballistic injector. Part I: Experimental mass flow rate measurements and discussion". 
108
In this study, an experimental work on the influence of the fuel temperature on the performance of a needle lift is not mechanically limited to a value that is usually achieved during the normal 116 operation of the injector. Thus, the influence of the fuel properties (which, as it has been said, are 117 strongly affected by the fuel temperature) on the dynamic behaviour of the injector is here deemed 118 to be of even more crucial importance, since the maximum lift reached by the needle will directly 119 depend on its friction with the fuel due to viscous effects. The importance of the fuel temperature is 120 here investigated in terms of stationary mass flow rate, total mass injected, injection delay (time 121 difference between the SOE -start of energizing -and SOI -start of injection), opening and 122 closing slopes or injector discharge coefficient, with the objective of determining in which 123 circumstances these effects should not be neglected due to their subsequent importance in the 124 combustion phenomenon.
125
As far as the structure of the paper is concerned, it has been divided in 5 sections. First of all, in 126 section 2, a description of the theoretical foundation on which the internal flow features are based is presented. Following, in section 3, the experimental setup is thoroughly described, with special 128 attention to the temperature control. Details on the used fuel and the test matrix analysed are also 129 given in this section. In section 4, results of mass flow rate for all the tested conditions are shown 130 and discussed. From the mass flow rate curves, attention will be paid to the stationary mass flow, 131 total mass injected, injection delay, opening slope, injection duration and injector discharge 132 coefficient (derived from the stationary mass flow values). Finally, the main conclusions of the 133 investigation are drawn in section 5.
134
In a second part of the paper, a computational one-dimensional model is developed and validated 
THEORETICAL FOUNDATION
141
As it has been said, the study is focused on the analysis of mass flow rate measurements at different 142 temperatures. In order to understand how fuel temperature influences the results, it is necessary to 143 introduce the discharge coefficient (C d ) of an orifice, defined as the ratio among the real mass flow 144 rate through the orifice and the theoretical one, as stated in Eq. (1):
The theoretical mass flow rate comes from the mass conservation equation (Eq. (2)):
where ρ f is the fuel density, A 0 is the cross-sectional area of the orifice outlet and u th is the 147 theoretical velocity through the orifice, which can be derived from Bernoulli's equation assuming 
where ΔP is the pressure drop at the orifice. With all, Eq. (1) can be rewritten to express the mass 150 flow rate through an orifice as:
A direct relation of the fuel temperature to the mass flow rate can already be noticed in Eq. (4) 152 through the fuel density.
153
Focusing on the discharge coefficient, it can also be broken down into two separate coefficients.
154
These coefficients, defined in Eqs. (5) and (6) relate the effective flow area and velocity (those that 155 lead to the actual mass flow rate through the orifice) to the theoretical ones:
Therefore, the discharge coefficient can also be expressed as:
Thus, the losses through an orifice can be attributed to an effective loss in area or an effective loss 158 in velocity. In the case of the area coefficient, it can be diminished by a non-uniform velocity
159
profile at the outlet, cavitation or flow separation [35] . With regard to cavitation, a feature that 160 determines the proneness to cavitate of an orifice is its conicity [12] , which can be quantified 161 through the k-factor:
where D i and D o are the inlet and outlet diameters of the orifice, respectively.
163
The nozzle of the injector studied in this work is highly conical (as shown in Table 1 , where details 164 of the nozzle geometry are given), which means that it is not prone to cavitate. In fact, it will be 165 proven that the nozzle does not cavitate for any of its operating conditions. Hence, the flow regime
166
(laminar, turbulent or transitioning) will be the most influencing factor on the discharge coefficient 167 of this particular nozzle, and can be described by means of the theoretical Reynolds number:
where µ f is the absolute viscosity of the fuel and, alternatively, ν f is its kinematic viscosity. Also, the importance of the temperature on these features through the fuel properties has been 180 highlighted in this Section in order to make it easier to discuss the results later on. 
Setup
184
In the present study, the influence of the fuel temperature on the injection event is assessed through pressure wave is transmitted along the tube at a certain velocity (c f , the fuel speed of sound).
191
Considering that the tube has a certain cross-sectional area A t , the continuity equation leads to the 192 instantaneous mass flow rate through the tube being given by the following expression:
where P t is the pressure measured in the tube and P 0 is a reference pressure. event by comparing it to the definite integral of the instantaneous mass flow rate curve. 
Signal treatment
235
The injector was driven by a Genotec impulse generator (omitted in Fig. 1 ), replacing the engine Table 1 ).
257
Test Matrix
258
The conditions tested in the study are listed in Table 2 . They were chosen in order to cover most 259 engine-like operating conditions, including from cold start to a long engine run, both low, tested, thus leading to a total of 80 operating points. pressure and the different temperatures tested are listed in Table 3 , and shown in Fig. 4 case.
293
The effect of temperature can be appreciated in the figure. Influence on the opening slope and 294 injection delay will be analysed in following subsections, but it can already be seen that it seems 295 more relevant at low injection pressures. Similarly, the stationary mass flow rate is more affected by that can be observed is that the nozzle does not seem to be working under cavitation conditions in 317 any case, since a mass flow rate collapse is not noticed. As it was stated in Section 2, this result is 318 expected considering the high degree of convergence of the nozzle orifices.
319
Focusing on the temperature influence on the stationary mass flow for a given injection pressure, 
324
In order to analyse these results, it is important to note that there are two mechanisms with opposed 325 effects through which the fuel temperature is influencing the stationary mass flow, as can be derived 326 recalling Eq. (4). On one hand, a mass flow rate decrease is expected with higher fuel temperatures 327 due to the lower densities induced, also at pressures higher than the atmospheric (recall Fig. 5 ). On 328 the other hand, the mass flow rate also depends on the discharge coefficient. As explained in 
Injector dynamics
363
The dynamics of the injector can also be analysed from the experimental mass flow rate 364 measurements. Fig. 9 shows a detail of the first instants of the mass flow rate curves, in order to reported by other authors [40] and is expected since the injector opening takes place due to an 372 unbalance of pressure forces above and below the needle. This unbalance will be higher the higher 373 the injection pressure is.
374
Focusing on a given injection pressure it can be seen that, in general, the injection delay is reduced 375 when the temperature increases. This can be explained due to the fact that another parameter 376 influencing needle dynamics is the fuel viscosity, since it is directly related to the viscous forces 377 that oppose the needle movement. As already discussed in Section 4.1, the viscosity is reduced the 378 higher the temperature is (recall Fig. 4 ). This influence is more important at low temperatures, for which the viscosity increases exponentially. This is the reason why the differences in injection 380 delay among temperatures are more significant at low pressures, where the needle opening is 381 governed by the friction forces induced by fuel viscosity, as opposed to the higher injection 382 pressures, where needle dynamics is more importantly dominated by the pressure unbalance and the 383 differences in injection delay get gradually reduced.
384
As it has already been commented in Section 4.1 due to its high visibility in the mass flow rate the injector reaches its maximum lift for those conditions. In those cases, the differences seen from 394 temperature to temperature could be attributed to a different elastic deformation of the needle due to 395 its thermal expansion, since no significant differences in the closing slope have been reported 396 (recall Fig. 6 ). It is also important to highlight that the most important differences in injection time 397 among temperatures happen at the coldest conditions, from 253 to 273 K. Again, this is due to the 398 fact that the fuel viscosity increases exponentially at the lowest temperatures. 
Total mass injected
400
The total mass injected for each tested condition has been determined by integrating the 401 corresponding mass flow rate curve and comparing it to the weight measured by the scale, as explained in Section 3. Fig. 12 shows the results for each tested condition. The observed trends are 
CONCLUSIONS
417
The fuel temperature influence on the injection process has been assessed in this paper through conditions.
422
The main conclusions of the study are summarized in the following points: temperatures, where small reductions in temperature lead to huge increases in viscosity.
445
When the injection pressure is increased, the needle dynamics stops being governed by the Table 3 : Fuel properties at atmospheric pressure.
597 Table 4 : Stationary values of mass flow rate for the different tested conditions with ET = 2 ms. Table 4 : Stationary values of mass flow rate for the different tested conditions with ET = 2 ms. 
